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We report a highly efficient and versatile two-step process
for the amination of benzene to aniline that is mediated by bro-
mine and metal oxides as cataloreactants. The process under
mild condition (e.g. below 200°C) offers an overall yield of
ca. 90% and selectivity of ca. 95% for aniline production based
on benzene converted.

Aniline (C¢HsNH,) is an important intermediate for the syn-
thesis of many commodity chemicals in pharmaceutical and
chemical industries. Industrially, aniline has mainly been pro-
duced by reduction of nitrobenzene (C¢HsNO,) in the presence
of Fe/HCI or fixed bed hydrogenation over a nickel sulfide cat-
alyst.! However, such industrial processes suffer drawbacks in-
cluding high cost of raw materials and difficulty in recycling
of catalysts. Alternative to this is the ammonolysis of phenol
(C¢H50OH) and chlorobenzene (C¢HsCl) using suitable heteroge-
neous catalysts.> For example, the amination of phenol over
modified alumina catalysts has been applied to practical use,?¢2¢
but its cost is higher than that of the reduction of nitrobenzene. In
addition to these industrial processes that convert derivatives of
benzene into aniline, direct amination of benzene to aniline also
has been attempted.> These processes displayed either too low
conversion of benzene or too low selectivity to aniline to be at-
tractive targets for commercialization. Here, we report a highly
efficient and versatile two-step process for the amination of ben-
zene to aniline that is mediated by bromine and metal oxide cat-
aloreactants. The cataloreactants can be readily regenerated
upon oxidation of the used ones with no loss of cataloreactivity.

Our synthetic approach is schematically shown in Figure 1.
The first step is the bromination of benzene, which produces bro-
mobenzene (CqHsBr) and HBr. HBr can be collected with metal
oxide or metal hydroxide; further oxidation of the solid mixture
gives rise to Br, and metal oxide with yields >99%. So there is
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Figure 1. Mechanism for the animation of benzene to aniline
mediated by bromine and metal oxide cataloreactants.

no loss of bromine and metal oxide in this step. The second step
is the ammonolysis of bromobenzene over a metal oxide catalo-
reactant. In addition to the production of aniline, ammonia-coor-
dinated metal bromide compound is produced, which releases
ammonia upon heating. Oxidation of the metal bromide gives
rise to Br, with regeneration of the metal oxide cataloreactant.
So in a cycle, only the raw materials such as ammonia and ben-
zene are consumed, whereas bromine and the metal oxide cata-
loreactants can be recycled with ideally no loss. This is certainly
superior to the Dow process in which the reaction intermediate
of copper chloride is not easy for recycle.

The bromination of benzene catalyzed by metal (e.g. Fe or
FeBrj3) has been well documented. However, in our experiments,
we have tested two types of catalysts, i.e., Fe powders and ZrO,.
Gas chromatography analyses of the liquid-phase products from
reaction* of bromine with excessive benzene catalyzed by Fe
powder show that bromobenzene is produced with a yield of
ca. 97% and selectivity of >97% based on benzene converted.
For the bromination® catalyzed by ZrO, (pretreated by sulfuric
acid), a selectivity of >95% and yield of >95% are obtained
for the production of bromobenzene based on benzene con-
sumed.

The ammonolysis of bromobenzene was performed in a
stainless steel autoclave with the use of CuO/TiO, mixture as
cataloreactants.® Table 1 lists the conversion of bromobenzene
and selectivity of aniline in the reactions of bromobenzene with
liquid ammonia over pristine CuO/TiO, cataloreactant under
different conditions. Under an optimized condition, we obtained
a bromobenzene conversion of 97.6% and a selectivity of ca.
95% to aniline, in addition to little amount of benzene (by-prod-
uct). This corresponds to a yield of ca. 90% for aniline produc-
tion relative to benzene consumed, indicating that the two-step
process concerned is highly efficient for synthesis of aniline
from benzene. It is also noteworthy that the ammonolysis of
bromobenzene can be completed within 5h under a much mild

Table 1. Margin specifications

Quantity  Quantity Conversion

uantit .
Q y Estimated

T*  of catalo- of bromo- of , of bromo- Select.l\.nty

. Pressure of aniline
/°C  reactant  beneze ammonia Jat benzene /9
/g /mL /mL am /% ’
180° 13 10 20 65-80 97.6 94.7
2004 11 10 20 70-80 87.0 92.0
180¢ 13 10 20 57-175 87.4 90.0
200¢ 11 10 10 34-37 62.0 69.3

aThe reactions were carried out at the specified temperature for 4h. ®In
closed autoclaves, the pressure increases automatically to the estimated
range upon heating and gasification of the reactants. “Reaction in an auto-
clave with a Teflon inner wall. YReaction in a stainless steel autoclave.
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Table 2. Conversion and product selectivities in the amination
of bromobenzene over pristine and regenerated CuO/TiO, cata-
loreactants

Conversion of Selectivity of

Cycle No.

bromobenzene aniline
1 99% 92%
2 100% 90%
3 99% 92%
4 100% 91%
5 100% 92%
6 100% 91%
7 100% 93%
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Figure 2. Mechanism for the hydrolysis of bromobenzene to
phenol mediated by metal oxide cataloreactants.

condition, i.e., at a temperature of ca. 190°C, meaning that the
energy cost is moderate.

In addition to liquid ammonia, (NH4),CO3 or aqueous
ammonia can also be used as amino-source for the amination
of bromobenzene with comparable bromobenzene conversion
and aniline selectivity, e.g., in the amination of bromobenzene’
that uses aqueous ammonia as amino-source and pure CuO as
cataloreactant, the yield and selectivity to aniline was >95%
at a bromobenzene conversion of 100%. Little amount of
benzene and phenol were found as by-products.

In catalytic reactions that make use of cataloreactants, of
practical important is the regeneration of cataloreactant. This
is not problem in the present case. Heating the final products
of the ammonolysis of bromobenzene, we obtain separately,
ammonia both unreacted and released from the ammonia-coordi-
nated metal bromide, unreacted bromobenzene, benzene,
aniline, and solid residue. The solid residue is definitely solid
metal bromide. Upon oxidation of the solid residue in a muffle
at 350 °C for several hours, we obtained Br, and the metal oxide
mixture with the yields larger than 99%. Br, thus obtained can
be reused for the production of bromobenzene, whereas the re-
generated metal oxide mixture can be reused in the ammonolysis
of bromobenzene. The cataloreactivity of the as-regenerated cat-
aloreactants in a long run has been examined and compared with
that of the pristine cataloreactant. Table 2 gives the conversions
of bromobenzene and selectivities of anilines in a series of
reactions over the pristine and regenerated cataloreactants.® It
is clear from Table 2 that even after 7 cycles the regenerated
cataloreactant displayed slightly higher cataloreactivity than that
of the pristine cataloreactant. Hence, we believe the CuO/TiO,
cataloreactant will keep its cataloreactivity in a long run.

The two-step process shown in Figure 1 can be extended for
the synthesis of phenol, another important commodity chemical
in industry, by simply modifying the second step, as shown in
Figure 2. Using water rather than ammonia, we found that the
hydrolysis of bromobenzene affords a phenol yield of ca. 17%
at a bromobenzene conversion of ca. 33%.° The by-product is
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benzene that can be recycled for the synthesis of bromobenzene.

It should be emphasized that the two-step process for the
synthesis of aniline could be versatile for the production of de-
rivatives of aniline. This target could be readily approached by
using various derivatives of benzene, e.g., toluene (C¢HsCH3),
instead of benzene in the first step or using various primary or
secondary amines, e.g., methylamine and dimethylamine,
instead of ammonia in the second step. The high efficiency,
simplicity, and versatility of such a two-step process for the
production of aniline (or its derivatives) from benzene (or its
derivatives) offer its readiness and overwhelming attractiveness
for commercialization.
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